Introduction
[2] Benson [1996] and Benson and Bilitza [2009] describe a data restoration project that resulted in more than 1/2 million digital ionograms from the Alouette-2, ISIS-1, and ISIS-2 ionospheric topside sounders. These new digital records were produced from original seven-track analog telemetry tapes recorded between 1965 and 1984 from 24 globally distributed ground stations as part of the International Satellites for Ionospheric Studies (ISIS) program designed primarily to produce vertical topside electron density profiles N e (h) [Jackson, 1986 [Jackson, , 1988 Jackson and Warren, 1969] . These digital data are available for viewing and downloading via links from the ISIS topside sounder data restoration project home page at http://nssdc.gsfc.nasa. gov/space/isis/isis-status.html.
[3] The purpose of this paper is to discuss the results from an inversion program, known as the Topside Ionogram Scaler With True-Height (TOPIST) algorithm, originally designed to process digital ISIS-2 ionograms Huang et al., 2002] . TOPIST is a knowledge-based retrieval system that simulates the behavior of a human operator, rather than being based on neural network techniques. It is built on earlier experience with the analysis of topside ionograms and ionograms from ground-based Digisondes Huang, 1982, 1983] . One of the challenges in the automatic scaling of the ISIS ionograms is to distinguish between the O and X mode traces since the data do not include wave polarization. The approach used by TOPIST is to first identify the plasma resonance frequencies and then use the general theory of radio wave propagation in a magnetoplasma to identify these traces. Once the two traces are identified, a leading edge algorithm determines the leading edges of the echo traces that are used as input for the profile inversion process, which uses both traces, to calculate N e (h) as described by Bilitza et al. [2004] .
[4] In section 2 we present some TOPIST N e (h) profiles to illustrate the benefit of a large accurate database to detect solar cycle variations in the topside ionosphere, perform tests to check the accuracy of the TOPIST profiles, and illustrate improvements in the TOPIST software stimulated by these tests. In section 3 procedures are presented to correct problems encountered during the analog-to-digital (A/D) conversion process during the production of the digital ionogram files. A summary is presented in section 4.
The Value of TOPIST Profiles and Improving Their Accuracy
[5] As illustrated by Benson and Bilitza [2009, Figure 2a] there are more than 100,000 ISIS-2 TOPIST profiles available from 1971 to 1984, i.e., extending well past the peak of solar cycle 20 to well past the peak of cycle 21. These profiles are available from http://nssdc.gsfc.nasa.gov/space/ isis/isis-status.html. The value of a large database of topside N e (h) profiles has been demonstrated using hand-scaled N e (h) profiles available from the NASA Space Physics Data Facility (SPDF) at the same address. These profiles are based on hand scaling, in the 1960s and 1970s, by skilled observers of more than 150,000 Alouette-1, Alouette-2, ISIS-1, and ISIS-2 topside ionograms as recorded on 35 mm film. A subset of the Alouette-2 N e (h) profiles from this database was used by Bilitza et al. [2004] to illustrate the need for improvements in the representation of the topside ionosphere in the International Reference Ionosphere (IRI). Such IRI improvements, based on all of the available N e (h) profiles from hand-scaled Alouette-1, Alouette-2, ISIS-1, and ISIS-2 topside ionograms, were made by Bilitza [2004 Bilitza [ , 2009 and Bilitza et al. [2006] . The large ISIS-2 TOPIST N e (h) profile database was used by Reinisch et al. [2007] to derive a topside model by matching the data to a Chapman function with continuously varying scale height. They combined this model with Radio Plasma Imager (RPI) measurements from the IMAGE satellite to construct a continuous topside N e profile from several R E altitude down to the F2 peak altitude.
[6] Figure 1 illustrates the benefit of a large TOPIST N e topside profile database by showing the changes in low midlatitude, midday topside profiles for different levels of solar activity during equinox intervals over a solar cycle. The data used in Figure 1 were limited to only the highestrated TOPIST profiles (see discussion below). The profiles within each solar activity level are seen to be remarkably consistent, even though they were collected over an interval of more than 13 years, when restricted to these narrow ranges of magnetic latitude, magnetic local time, and season. N e is observed to increase at all altitudes, as would be expected, with increasing solar activity. Figure 1 . TOPIST topside N e (h) profiles corresponding to three different levels of solar activity as indicated by the 10.7 cm solar radio flux index (F10.7). The 2 blue, 7 green, and 14 red curves correspond to F10.7 ranges of <90, 140-160, and >210, respectively. The curves are based on TOPIST profiles of highest quality (quality flag = 3) automatically scaled from ISIS-2 digital ionograms recorded at low midlatitudes (magnetic latitude (MLAT) = 30 AE 5 ), midday (magnetic local time (MLT) = 13 AE 1 h), during equinox intervals (equinox AE 5 days) contained in the interval from 18 February 1971 to 27 October 1984. (Two additional blue curves, corresponding to low solar activity, satisfying the data restriction conditions were excluded because of obvious problems encountered in the automatic identification of the proper wave cutoff conditions at the satellite.) [7] In Figure 2 the above solar cycle variation is presented in a different way. The same low midlatitude, midday, equinox intervals were used as in Figure 1 . In Figure 2 , however, only N e values from 50 km intervals corresponding to lower, middle, and upper portions of the profiles are presented versus the changing level of solar activity over a solar cycle. It is seen that for these low midlatitude, midday, equinox conditions that the increasing N e with increasing F10.7 in the 350-400 and 750-800 km altitude ranges saturates around an F10.7 value of 220 but a similar saturation is not observed in the higher-altitude range of 1200-1250 km (the lowest curve in Figure 2) .
[8] The success of such endeavors depends on the accuracy of the N e profiles and on the size of the database. The accuracy of the TOPIST profiles was checked by comparing them to hand-scaled N e (h) profiles available from the NASA SPDF. Unfortunately, only several hundred cases were available for such comparisons. The reason for this limitation was that the selection of ISIS-2 telemetry tapes for A/D conversion into digital ionograms emphasized time intervals where few hand-scaled N e (h) profiles were available (in order to maximize the number of available topside N e (h) profiles) [Benson, 1996] . Thus only a few tenths of a percent of the available hand-scaled and TOPIST-derived N e (h) profiles were produced from the same ionogram data and could be directly compared; the former being based on ionogram data displayed on 35 mm films and the latter being based on digital files obtained from the same original seventrack analog telemetry tapes used decades ago to generate the 35 mm films.
[9] Our comparisons between the hand-scaled and the TOPIST-scaled ionograms were based mainly on the N e values at the top of the profiles; that is, we compared the N e values at the satellite altitude (N e ) sat because of their importance in obtaining a good topside N e (h) profile from a satellite-borne ionospheric topside sounder [see, e.g., Jackson, 1969] . These values can be determined very accurately from the plasma resonances and wave cutoffs observed on the ionograms as illustrated for an ISIS-2 ionogram by Benson and Osherovich [2004] . The main resonances are observed at the electron cyclotron frequency f H , the electron plasma frequency f N , and the upper hybrid frequency f T where
[10] The cutoff frequencies f Z and f X of the two branches of the extraordinary mode (X) can be used to determine f N from the expressions
which can be combined to yield , respectively, for the high-altitude range.
[11] Assuming that the gradients in f N and f H due to the satellite motion between the times when the above features are measured can be neglected, which is not always the case [e.g., see Benson, 1985, Figure 3b ], an accurate (within about 2%) value of f N can be determined which leads to an accurate value of (N e ) sat from
[12] Since the above relations provide 4 independent ways of determining f N , and hence (N e ) sat , from (5), i.e., from the observed f N resonance, from the observed f T resonance and (1), and from the observed X and Z wave cutoffs and (2) and (3), (N e ) sat can usually be determined with great confidence. This (N e ) sat determination, which can be made to an accuracy of about 4%, was used as the reference value by Donley et al. [1969] in their comparison of in situ techniques for determining N e in space.
[13] When making comparisons between the TOPIST and hand-scaled topside N e (h) profiles, it is best to use the highest-quality ionogram data that were used to produce the profiles. Different rating schemes were used for the handscaled and TOPIST N e (h) profiles which can lead to confusion because higher numbers for the quality flags in the former indicate lower confidence in the N e (h) profiles whereas in the latter case they indicate higher confidence. The quality flag for the hand-scaled profiles ranged "from 4 for the best quality to 9 for those ionograms which provide minimal information concerning the electron density information" mainly due to "spread F and other phenomena which complicate the ionograms"; ionograms with quality flags from "7 to 9 should be used with caution" (Communications Research Centre, Ottawa, unpublished report, 1960s). The quality flag for the TOPIST N e (h) profiles ranged from 1 to 3 with 3 representing the highest confidence. The TOPIST flags are defined as follows: flag = 1 indicates the O and/or X traces have severe spread F (averaging more than twenty 3.75 km range bins per frequency) or the recalculated traces based on the inverted N e (h) profile deviate from the automatically scaled traces by a large amount (averaging more than 20 range bins per frequency); flag = 2 indicates that the above conditions are not satisfied but either the TOPIST-derived F2 peak differs from the modeled value by more than 50 km or the real foF2 value is most likely beyond the maximum swept frequency based on the scaled trace cusp shape; and flag = 3 if none of the above are true. The values in Table 1 indicate that even though the number of possible direct comparisons decreases when only high-quality profiles are considered, very good results are obtained, namely, 55% of the N e values at the satellite altitude agreed within 10%, and more than 85% agreed within 20%, while only one example (representing 2.5%) differed by more than a factor of 2. Three comparisons were examined in detail: one where the differences were less than 5% and two where large differences were observed. All of these ionograms were in the extended sweep mode, i.e., from 0.1 to 20 MHz, and the ionogram frame sync pulses and all of the 22 frequency markers were properly identified during the A/D conversion process.
[14] In addition to comparing the TOPIST and handscaled N e (h) profiles a digital ionogram analysis program, available from the ISIS data restoration home page, was used to independently determine (N e ) sat from sounder-stimulated plasma resonances and wave cutoff frequencies using (1)-(5). The first example, where the TOPIST and the handscaled N e (h) profiles agree within 5% at the satellite position is presented in Figure 3 . In addition to comparing N e at the satellite altitude, the average % differences between the hand-scaled and the automatic TOPIST-scaled profiles was determined by calculating the absolute values of the percent differences between the two profiles (relative to the hand-scaled values) for each point on the profile. This average difference between the profiles was also found to agree within 5% for the case presented in Figure 3 . Also presented in Figure 3 is the resonance-determined N e at the satellite altitude; it is in good agreement with the N e values for both profiles at this altitude.
[15] The next two examples, where large differences were observed between the TOPIST-and hand-scaled N e (h) profiles, are presented in Figures 4 and 5.
[16] The TOPIST profile of Figure 4 was in error because f T was identified as f N (the correct f N resonance was not identified because it merged with f H ) and a clear O trace leading right up to f N (a fairly rare occurrence) was apparently identified as a Z trace.
[17] The TOPIST profile of Figure 5 was in error because the strong diffuse resonance often observed between f N and f T when f N /f H is between about 0.7 and 1.3, and known as the DNT resonance [Benson, 1982] , was identified as f T . The f X at the satellite was then taken as merging with the strong f T resonance. The DNT resonance is not labeled in Figure 5 but is observed as a diffuse signal (strongest on the scan lines with frequencies 0.927 and 0.935 MHz) on the lowfrequency side of the f T resonance labeled "T" and slightly above the Z infinity wrap-around signal (also not labeled in Figure 5 ) that appears as a strong long-duration narrowband resonance (at 0.862 MHz) on the high-frequency side of the strong combined signal due to the f H and f N resonances Top-of-profile N e percent difference, i.e., at the satellite altitude, were calculated from D(N e ) sat = {(TOPIST À hand scaled)/(hand scaled)} Â 100.
labeled "1" and "N," respectively. The Z-infinity signal is called "wrap around" because it appears even at low apparent ranges due to an extension of the time base from the previous pulse [Jackson, 1969] .
[18] Thus the large differences observed between the TOPIST and hand-scaled profiles in Figures 4 and 5 were due to the misidentification of the plasma resonances and wave cutoffs dependent on f N when f N /f H was close to unity.
[ (1)- (5); the numbers below these symbols designate the harmonics of f H used in equations (1) value, another resonant or cutoff value was then varied over allowed values, and the frequency positions of all the elements of the comb filter varied according to equations (1)-(3). A possible scenario would be to use f T as the second independent variable and let it vary from its minimum value near f H to a reasonable upper limit (taken as 2 MHz for ISIS 2). Each element of the comb filter had a bandwidth of five frequency scan lines consisting of two frequency scan lines on each side of the center frequency. A summation was then made of the signal amplitudes in all of the range bins, out to the greatest range bin determined earlier, for each of the five frequency scan lines for each of the elements of the comb filter for each position of the comb filter. Thus, if the comb filter consisted of five elements, each summation would be formed by summing amplitudes from 25 frequency scan lines; the exception being if two resonant or cutoff features were separated by less than five scan lines, then the amplitudes in the overlapping frequency scan lines were only counted once. The comb filter position producing the largest amplitude summation was considered as providing the best solution for determining the correct frequencies for the plasma resonances and wave cutoffs. Included in this procedure was a slight variation of the model f H value because it often deviates from the actual value as determined from the observed nf H sounder-stimulated plasma resonances. It was found, however, that in some cases the summation maximum did not correspond to the correct set of resonance and cutoff frequencies. These incorrect starting conditions cause scaling errors in the automatic identification of the ionospheric reflection traces and produce erroneous topside N e (h) profiles.
[20] In order to overcome this problem the TOPIST resonance detection algorithm was modified. The first modification was in the routine used for determining the maximum time duration of the plasma resonances. A sliding window, consisting of five consecutive apparent range bins, is slid along the ionogram apparent range axis in the direction of increasing apparent range. As the received signal amplitude in a plasma resonance decreases with distance, the maximum of the amplitude summation within the sliding apparent range window will occur at a smaller apparent range than the maximum apparent range for that resonance. If the signal amplitude summation in the window falls to less than half of the maximum value found on that particular frequency scan line, then that window position is identified as the plasma resonance maximum time duration. The second modification was to determine five sets of resonance and cutoff locations based on the five largest amplitude summations found by the above-described comb filter operation. It is likely that the correct set of resonance and cutoff frequencies corresponds to one of them. In order to determine which one gives the real resonance lines, each of these five possible sets was used to determine the starting values for the O and X traces and to automatically scale both of these traces. These traces were then inverted to produce N e (h) profiles and the profiles were used to recalculate the traces. The echo amplitudes contained in the first half of the recalculated traces (with 5 range bin width) were then summed for each of the five sets of possible resonance and cutoff locations. The largest echo amplitude summation was selected as the desired result. The resulting TOPIST profiles for the comparisons of Figures 4 and 5 are greatly improved while the good results of Figure 3 are slightly degraded but still very acceptable as illustrated in Figure 6 and Table 2 .
[21] The first row of Table 2 indicates that the difference at the satellite altitude for the good example of Figure 3 becomes larger for TOPIST2 than for TOPIST. The larger difference, however, is still acceptable and is the smallest of all 3 comparisons. The differences for the other two comparisons (second and third rows in Table 2 ) are greatly reduced using TOPIST2. Additional improvements to the plasma resonance detection portion of TOPIST are planned, e.g., by increasing the options of resonances to use in the comb filter, in order to improve the crucial starting point for the inversion of ionospheric reflection traces to N e (h) profiles.
Correcting Problems Encountered During the Topside Ionogram A/D Conversion Process
[22] TOPIST was designed to process the swept frequency portion of ISIS-2 digital ionograms. Unfortunately, problems were often encountered in the identification of the frequency markers (superimposed on the receiver video output) during the A/D operation. A proper identification was required, however, because interpolation was performed between these markers to obtain the frequency of the intervening sounder-receiver amplitude scan lines.
[23] Two problems caused most of the TOPIST failures: (1) more than the expected number of frequency markers were detected and (2) the ionogram frame sync pulse (indicating the start of an ionogram) was not detected. In either case no frequency interpolation was performed (the scan line frequencies were set to a default value) and thus could not be processed by TOPIST. Figures 7 and 8 illustrate these two cases using ionograms from ISIS1 (the situations depicted apply to ISIS 2 as well). Figure 7 shows an ionogram that could not be processed because no frequency interpolation between markers was performed during the original A/D operation due to the extraneous frequency marker caused by a noise spike between the 8.0 and 9.0 MHz frequency markers.
[24] Figure 8 illustrates a problem caused by the lack of ionogram frame sync detection. In this example the file starts at 1.0 MHz on one ionogram and ends between the 1.75 and 2.0 MHz frequency markers on the following ionogram.
[25] Based on the experience gained with the ISIS-2 data, particularly the problems of the type illustrated by Figure 7 , the frequency interpolation procedure was modified for ISIS 1. The frequency markers, and the times associated with them, are identified in the sounder video for both ISIS 1 and ISIS 2. A comparison is then made between their times and the times from a preestablished frequency marker table. This table contains times based on the hand scaling of the exact frequency marker onset times as seen on receiver amplitude scan lines containing frequency markers of a representative ionogram. In the case of ISIS 2, direct comparisons were made between the detected times and the times from the table. This comparison was not made, however, if more frequency markers were detected than were expected (as in the example of Figure 7) and, in the case of ISIS 2, no frequency interpolation was performed and TOPIST could not process the record.
[26] The comparison in the case of ISIS 1 consisted of calculating the time differences between adjacent identified frequency markers (the delta times) and comparing them to the delta times of the hand-scaled frequency markers from the reference table. This is a one-to-one comparison starting with the delta time between the 2nd and 1st identified frequency markers (0.25 and 0.1 MHz, respectively) and continuing through the rest of the delta times. If the delta time comparison failed, no further comparison was performed and the identified frequency markers prior to the failure were considered "good" and were used for the frequency interpolation for the intervening scan lines.
[27] Thus the digital ionogram in Figure 7 , since it is from ISIS 1, will contain good frequency values up to 8.0 MHz and then default values for higher frequencies. Since the ionospheric echoes occur in the region below 8 MHz (there are some weaker ground returns at higher frequencies), TOPIST has been modified to process such ISIS-1 ionograms. If the same condition occurred in ISIS 2, as is often the case, no frequency interpolation was performed and TOPIST cannot process the ionogram.
[28] Software has been written to modify such ISIS-2 files, so they can be processed by TOPIST, by (1) using the identified frequency marker times included in the ISIS-2 files to calculate the delta times and perform the check described above to determine the good frequency markers, (2) perform frequency interpolations between these frequency markers and create new files containing the proper frequency values up to the last good frequency, and (3) process the portion of the ionogram containing good frequencies using an ISIS-1 type version of TOPIST.
[29] Based on our ISIS-1 experience, the above modification will result in a major increase in the number of ISIS-2 ionograms that will be able to be processed since extraneous frequency markers mainly occur in the frequency domain above the ionospheric penetration frequency.
[30] Previously, the problem represented by Figure 8 could only be fixed manually by identifying the frame sync pulses separating the ionograms and creating files that could be spliced together. It was then necessary to identify the frequency markers and create an ionogram file with proper frequency interpolation as described above. While this operation was straight forward for an experienced observer, it was a time-consuming process. Software has now been written to perform this operation automatically. The results of applying this software to several ISIS-1 files, including the one in Figure 8 , are presented in Figure 9 .
[31] In Figure 9 , the first portion of Figure 9b was digitally spliced to data from the previous file to produce the complete ionogram in Figure 9a and the last portion was spliced to data from the following file to produce the complete ionogram in Figure 9c . The times of the frequency markers in the resulting complete ionograms were then used to perform frequency interpolations for each topside sounder delay time scan line in order to produce ionograms with correct frequency information suitable for automatic processing by TOPIST. The software used to make the file corrections indicated in Figure 9 now makes it feasible to process more than 1/2 million Alouette-2, ISIS-1, and ISIS-2 digital topside ionogram files to check, and correct if necessary, the frequency information. Since the digital file repair process is just starting, statistical results based on corrections of the type illustrated in Figure 9 are not available. Once completed, however, the combination of TOPIST software improvements and a large TOPIST-friendly digital ionogram database will yield a TOPIST N e (h) profile database that will enable a wide range of long-term statistical studies of the 
Conclusions
[32] More than 100,000 topside ionospheric N e (h) profiles available from the NASA SPDF Web site at http://nssdc. gsfc.nasa.gov/space/isis/isis-status.html, based on earlier automatic scaling of digital ISIS-2 topside ionograms using the TOPIST software, have been used to demonstrate the use of this database for investigating the ionospheric response to solar cycle variations. Low midlatitude, midday topside N e (h) profiles collected during a few days around each equinox interval over an interval of more than 13 years were remarkably consistent when restricted to narrow ranges of solar activity as reflected in the F10.7 index. The increasing N e with increasing F10.7 in the lower altitude ranges saturates around an F10.7 value of 220 but a similar saturation was not observed in a higher-altitude sample (1200-1250 km). The tiny overlap between the above TOPIST database and the equally large database of topside N e (h) profiles available from the same Website, based on earlier manual scaling of 35-mm film ISIS-2 topside ionograms, were used to investigate the quality of the automatic TOPIST inversion of the ionospheric reflection traces into N e (h) profiles. When only N e (h) profiles with the highest-quality flags were considered, the N e values at the satellite altitude (typically 1400 km) obtained from the hand-scaled and the TOPISTscaled ionograms agreed within 20% on more than 85% of the available 42 comparisons. An investigation of the few comparisons with large discrepancies identified problems in the plasma resonance and wave cutoff determination procedure used by TOPIST. This procedure was then improved, leading to much better TOPIST results. A large problem encountered in the production of TOPIST topside N e (h) profiles, at no fault of TOPIST, is that many of the topside Alouette 2, ISIS-1, and ISIS-2 digital ionogram files do not contain proper frequency information as a result of problems encountered during the A/D conversion during the creation of the digital files. Two main causes of this lack of frequency information were illustrated as well as the results of software that has been developed to remedy the situation. The plan is to apply this digital file correction software to the Alouette/ ISIS digital topside ionogram database, and then use the improved TOPIST software to provide a large reliable topside ionospheric N e (h) profile database. Augmenting the existing hand-scaled data with this new TOPIST database should yield more than 1/2 million topside ionospheric N e (h) profiles spanning an interval of two solar cycles.
